Abstract The objective of this study was to assess the biological decolorization of two reactive anthraquinone dyes (Reactive Blue 4, RB 4; Reactive Blue 19, RB 19) under methanogenic conditions. Using a mixed, methanogenic culture, batch assays were performed to evaluate both the rate and extent of color removal as well as any potential inhibition. The effect of initial dye, biomass, and organic feed concentration, as well as the effect of repetitive dye addition on color removal kinetics and culture inhibition were assessed. Overall, a lower rate and extent of color removal was observed in RB 4-amended cultures as opposed to the RB 19-amended cultures. For an incubation time of ca. 15 days and an initial dye concentration of 2000 mg/L, the extent of color removal was 50 and 95% for RB 4 and RB 19, respectively. Inhibition of acidogenesis and to a larger degree of methanogenesis, resulting in accumulation of volatile fatty acids, was observed in both RB 4-and RB 19-amended cultures. Although the degree of inhibition varied among the two dyes tested (RB 19 was more inhibitory than RB 4), an increase of inhibition was observed with increasing initial dye concentration. At an initial dye concentration of 500 mg/L or higher, methane production was lower than 6% of that of the control culture for both RB 4 and RB 19. However, color removal occurred despite culture inhibition.
Introduction
Reactive dyes are extensively used in the textile industry because of their superior colorfastness, ease of application, brilliant colors and wide variety of color shades. Under typical reactive dyeing conditions (pH ≥ 10, temperature ≥ 60°C, salt 60 -100 g/L), as much as 50% of the initial mass of the dye remains in the spent dyebath in its hydrolyzed form and has no affinity for the fiber (Rys and Zollinger, 1989) . Due to their high water solubility, reactive dyes pass through conventional (aerobic) municipal treatment systems without any significant removal (Vandevivere et al., 1998; Beydilli et al., 2000; Hao et al., 2000) . The management of spent reactive dyebaths is, therefore, the single most pressing environmental problem facing the textile industry. As more stringent regulations are adopted with regard to the textile effluents, the need for more technically and economically efficient color and salt reduction from the textile plant effluents grows more acute. Although physicochemical methods for the treatment of textile wastewaters are technically feasible, they are costly. Anaerobic biological processes are more effective and hold promise of providing a low-cost and efficient means for the reductive decolorization of spent reactive dyebathswhich can then be reused as process water -and/or the treatment of textile effluents before their final disposal (Nigam et al., 1996; Beydilli et al., 1998; Beydilli et al., 2000) . Commonly used classes of reactive dyes include azo, stilbene, carotenoid, thiazole, anthraquinone and phthalocyanine. Considerable research has been conducted on the biological treatment of textile wastewaters bearing mainly azo dyes. However, in spite of the fact that anthraquinone-based reactive dyes are extensively used for green, blue or violet hues (Zollinger, 1991) , investigation of their biotransformation has been very limited. The reductive decolorization of reactive anthraquinone-based dyes can be achieved by the reductive transformation of the anthraquinone moiety to dihydroxyanthracene (Revenga et al., 1994) . In general, under anaerobic conditions, a lower rate and extent of decolorization of anthraquinone dyes have been observed as compared to azo dyes (Delee et al., 1998) . Severe inhibition of methanogenic cultures by reactive anthraquinone dyes and other anthraquinone dyes has been observed (Fontenot, 1998; Malpei et al., 1998) .
The objective of the work presented here was to assess the rate and extent of decolorization of two anthraquinone reactive dyes under methanogenic conditions, as well as to delineate potential inhibitory effects of these dyes. It should be emphasized that relatively high dye concentrations were used in this study consistent with the overall scope of a research project which is centered on the development of a biologically based decolorization system for a closed-loop, in-plant process for the renovation of spent reactive dyebaths and reuse as process water in the dyeing operation.
Materials and methods

Dyes
Two commercial anthraquinone dyes, C.I. Reactive Blue 4 (RB 4; Procion Blue MX-R; BASF Corp.) and C.I. Reactive Blue 19 (RB 19; Remazol Brilliant Blue R; DyStar LP) were used in this study without any further purification. Figure 1 shows the chemical structures of RB 4 and RB 19. The pH, COD, carbon content, and spectrophotometric scanning of dye solutions were determined (Table 1) . Reacted (i.e. hydrolyzed) dyes were prepared by dissolving aliquots of 5.0 g dye and 25.0 g Na 2 CO 3 in deionized water, heated to 80°C for 1 hour and then diluted to 1 L. Absorbance spectra of reacted dye solutions at acid, neutral and alkaline pH values were recorded and compared. The absorbance at the maximum wavelength was identical at both pH 7 and 9 and only ca. 9% decrease was observed at pH 5.
Color removal and inhibition assays
A suspended-growth, mixed, methanogenic culture developed with inoculum obtained from a mesophilic, municipal anaerobic digester and fed with a dextrin/peptone solution and a medium containing salts and vitamins was used in this study (Beydilli et al., 2000; Beydilli et al., 2001) . To avoid any abiotic dye reduction and color removal, the culture medium did not include any chemical reductant. The culture was maintained at 35°C with a retention time of 35 days. Batch decolorization assays were performed in 500 mL serum bottles, following previously described procedures (Beydilli et al., 2000; Beydilli et al., 2001) . Unless specified differently, all assays were conducted with a mean, initial biomass concentration of 8.4 g total volatile solids/L and an initial organic feed concentration of 750 and 375 mg/L dextrin and peptone, respectively. All incubations were carried out in the dark at 35°C. Absorbance, pH, oxidation-reduction potential (ORP), volatile fatty acids (VFAs) concentration, as well as total gas and methane production were measured over the Figure 1 Chemical structures of the two reactive anthraquinone dyes used in this study incubation period. Further details on the experimental set up for individual assays are provided in the Results and Discussion section, below.
Analytical methods
ORP, pH, and chemical oxygen demand (COD) were measured by following procedures outlined in Standard Methods (1998). Total gas production, gas composition (CH 4 and CO 2 ), VFAs, and total carbon were measured following previously reported procedures (Beydilli et al., 2000; Beydilli et al., 2001) . All spectrophotometric analyses were carried out using a UV/Vis Hewlett Packard 8453 spectrophotometer equipped with a diode array detector. Absorbance scans were carried out at a wavelength range of 250 to 850 nm and the concentration of the dyes was quantified based on sample absorbance at the maximum wavelength (598 and 590 nm for RB 4 and RB 19, respectively) and previously prepared calibration curves. In order to assess the effect of sample exposure to air during sample preparation and absorbance measurements, liquid samples from the dye-amended cultures were centrifuged and tested with and without ascorbic acid (250 mg/L to prevent sample oxidation) after 1 h air bubbling. No significant difference in the absorbance between ascorbic acid-amended and unamended samples was observed, indicating that color removal and dye reduction are not reversible under aerobic conditions. All spectrophotometric analyses reported here were conducted without the addition of ascorbic acid.
Results and discussion
Decolorization of reacted and unreacted dyes A biotic assay was conducted to compare the decolorization potential of reacted and unreacted dyes at an initial dye concentration of 300 mg/L. The pH of both cultures was adjusted to 7.4. A comparable rate and extent of decolorization was observed for both reacted and unreacted dyes. The initial decolorization rate and the extent of color removal over a 27.7-day incubation period for the cultures amended with reacted RB 4 and RB 19 dyes were 77.8% and 3.4 mg/L-h and 82.8% and 12.1 mg/L-h, respectively. Cultures amended with either reacted or unreacted RB 4 dye resulted in comparable methane production to that of the control culture (i.e., culture without any dye amendment). However, a negligible volume of methane was produced by the two RB 19-amended cultures (reacted and unreacted RB 19), indicating severe inhibition of methanogenesis and/or acidogenesis (see below). Based on this assay which did not result in any significant difference between reacted and unreacted dyes, all subsequent assays were conducted with reacted RB 4 and RB 19 dyes in order to be consistent with the main objective of the overall research regarding the decolorization potential of reactive textile dyebaths. Effect of repetitive dye addition on the culture activity and color removal A batch assay was conducted in which one RB 4-amended culture, one RB 19-amended culture as well as a control culture were maintained over three feeding cycles, each cycle starting with a new dye and dextrin/peptone amendment. Data on the initial rate and extent of color removal as well as the methane production in each feeding cycle are given in Table  2 . Due to the relatively lower rate and extent of color removal, residual color build-up after each dye amendment was observed in the case of RB 4. Removal of RB 19 was faster resulting in very low color build-up and almost total decolorization at the end of each feeding cycle. The overall (i.e. over the three cycles) color removal was 78.7 and 96.1% for the RB 4 and RB 19, respectively. Very low methane production was observed in the RB 19-amended culture in all three feeding cycles. Although methane production in the RB 4-amended culture was very close to that of the control during the first feeding cycle, a negligible volume of methane was produced during the second and third cycles. Thus, with a prolonged exposure of the methanogenic culture to RB 4 and/or its decolorization products, virtually complete cessation of methane production was observed. In a follow-up assay, the decline in methane production related to RB 19 was further investigated by monitoring both the production of volatile fatty acids (VFA) and methane. The RB 19 decolorization products were much less inhibitory than the parent dye.
Color removal and inhibition as a function of initial dye concentration
The kinetics of color removal were determined in batch cultures amended with initial dye concentration ranging from 50 to 2,000 mg/L. For all initial dye concentrations, the final pH values (at about 15-d incubation) were 7.0-7.3 and 7.1-7.4 for the RB 4-and RB 19-amended cultures, respectively, whereas the pH of the control culture was 7.3. The ORP values at the end of the incubation period ranged from -211 to -268 mV and from -172 to -298 mV for the RB 4-and RB 19-amended cultures, respectively, whereas the ORP of the control culture was -206 mV. The dye concentration profiles during the incubation period are shown in Figures 2 and 3 .
E.J. Fontenot et al.
108 Table 2 Rate and extent of color removal as well as methane production by methanogenic cultures amended with RB 4 and RB 19 over three consecutive feeding cycles The initial rate and extent of color removal as a function of initial dye concentration are shown in Table 3 . RB 19 was decolorized to the highest extent. It is noteworthy that during the initial stages of the decolorization assay, removal of RB 19 was facilitated by dye association with the biomass as evidenced by the blue color of the pellet after the centrifugation of culture samples. However, with prolonged incubation time, the biomass-associated dye was reductively transformed leading to decolorization. Such color removal by biomass association was less noticeable in the RB 4-amended cultures. The main difference between the two dyes is in the reactive group (dichlorotriazinyl for RB 4 and vinyl sulfone for RB 19). Fast color removal attributed to biomass association has also been observed in our laboratory for reactive phthalocyanine dyes with a vinyl sulfone reactive group (unpublished data). For both the RB 4 and RB 19 dyes, as the initial dye concentration increased, the extent of color removal decreased. Based on the methane production data (Table 3) , although the degree of inhibition varied among the two dyes tested, in general, an increase of inhibition was observed with increasing initial dye concentration. However, at high dye concentrations, color removal occurred despite culture inhibition. Continued decolorization in spite of the observed culture inhibition indicates that maintenance of reduced conditions was sufficient for color removal.
Effect of biomass and organic feed concentration on dye decolorization kinetics
The effect of initial biomass and carbon source (i.e. electron donor) concentration on the decolorization kinetics of RB 19 was tested in a batch, decolorization assay. Cultures with different initial biomass concentration (100, 10 and 1%; 100% organic feed) and different initial organic feed concentration (100, 1, and 0%; 100% biomass) were prepared. The baseline culture initial conditions were 8.1 g/L total volatile solids and 750/375 mg/L dextrin/peptone. All cultures were pre-incubated for 7 days without the addition of organic feed and dye in order to exhaust all residual organic feed and achieve low ORP values comparable to those of the stock methanogenic culture (less than -250 mV). Organic feed was added to all but one of the cultures along with RB 19 at an initial concentration of 300 mg/L. A culture set up with the baseline conditions and without any RB 19 served as the control. The cultures were incubated for 72 h with periodic monitoring. The initial RB 19 removal rate was 10 mg/L-h in the culture with the baseline conditions (i.e. 100% biomass and organic feed) and varied between 7.6 and 9.4 mg/L-h in the remaining cultures. Thus, the initial color removal rate was not significantly affected by the initial biomass and organic feed concentration. At 72 h of incubation, the extent of RB 19 removal was 91, 82.9, 76.7, 91.6, and 88 .3% for the cultures with the baseline conditions, 10% biomass, 1% biomass, 10% organic feed, and 0% organic feed, respectively. Thus, a slight decrease in the extent of RB 19 removal was observed with decreasing initial biomass concentration. The decrease of initial organic feed concentration had a lesser effect on the extent of color removal. At the end of the 72-h incubation period, the control culture produced 190 mL CH 4 (at 35°C and 1 atm) and only 0.1 mM acetate was detected. In contrast to the control culture, all RB 19-amended cultures were severely inhibited (i.e., methane production was less than 3% of the control), VFAs accumulated and ranged from 0.4 mM in the culture without any organic feed addition to 6.2 mM in the baseline culture, mainly in the form of acetate and traces of propionate and iso-valerate. Based on electron equivalent calculations, the highest accumulation of VFAs in the baseline culture amended with RB 19 corresponds to about 42% of the methane produced by the control culture. Thus, RB 19 inhibited both the acidogenic and methanogenic populations in the mixed cultures, albeit the highest inhibitory effect was on the methanogens. However, as discussed above, all cultures achieved very similar initial rate and extent of color removal, in spite of the observed severe inhibition.
Conclusions
Microbial decolorization of two anthraquinone reactive dyes, RB 4 and RB 19, was achieved by a mixed, methanogenic culture. RB 19 was decolorized to a higher degree than RB 4. Reduction and decolorization of the two anthraquinone dyes was not reversible under oxic conditions. Inhibition of both acidogenesis and methanogenesis was observed at as low as 50 mg/L initial dye concentration. The degree of inhibition increased with increasing initial dye concentration. RB 19 was more inhibitory than RB 4. Fast initial dye removal attributed to dye association with the biomass, followed by dye reductive transformation was observed in the case of RB 19. The observed differences between RB 4 and RB 19 in terms of both color removal and culture inhibition are attributed to the difference in the reactive group of the two dyes (i.e. dichlorotriazinyl for RB 4, vinyl sulfone for RB 19). However, color removal occurred despite culture inhibition. Continued decolorization, in spite of the observed culture inhibition, indicates that maintenance of reduced conditions was sufficient for color removal. In view of the observed severe culture inhibition in the batch assays conducted in the present study, alternative reactor configurations leading to both temporal and spatial decoupling of the microbial production of reducing power and the dye decolorization process are under investigation for the development of an efficient biological decolorization system. and the State of Georgia/Consortium on Competitiveness for the Apparel, Carpet, and Textile Industries (CCACTI).
